The high temperature compressive strength behavior of zirconium diboride (ZrB2)-silicon carbide (SiC) particulate composites containing either carbon powder or SCS-9a silicon carbide fibers was evaluated in air. Constant strain rate compression tests have been performed on these materials at room temperature, 1400, and 1550 °C. The degradation of the mechanical properties as a result of atmospheric air exposure at high temperatures has also been studied as a function of exposure time. The ZrB2-SiC material shows excellent strength of 3.1 ± 0.2 GPa at room temperature and 0.9 ± 0.1 GPa at 1400 °C when external defects are eliminated by surface finishing. The presence of C is detrimental to the compressive strength of the ZrB2-SiC-C material, as carbon burns out at high temperatures in air. As-fabricated SCS-9a SiC fiber reinforced ZrB2-SiC composites contain significant matrix microcracking due to residual thermal stresses, and show poor mechanical properties and oxidation resistance. After exposure to air at high temperatures an external SiO2 layer is formed, beneath which ZrB2 oxidizes to ZrO2. A significant reduction in room temperature strength occurs after 16-24 h of exposure to air at 1400 °C for the ZrB2-SiC material, while for the ZrB2-SiC-C composition this reduction is observed after less than 16 h. The thickness of the oxide layer was measured as a function of exposure time and temperatures and the details of oxidation process has been discussed.
Introduction
The high melting point of refractory metal diborides coupled with their ability to form refractory oxide scales give these materials the capacity to withstand temperatures in the 1900-2500 °C range. These ultra-high temperature ceramics (UHTCs) were developed in the 1960s. [1] Fenter [2] provided a comprehensive review of the work accomplished in the 1960s and early 1970s. These materials are almost never used in pure form. Instead, additions of silicon carbide are used to enhance oxidation resistance and limit diboride grain growth. [3] , [4] , [5] and [6] Carbon is also sometimes used as an additive to enhance thermal stress resistance. [7] , [8] and [9] These materials offer a good combination of properties that make them candidates for airframe leading edges on sharp bodied re-entry vehicles. [10] UHTCs have potential to perform well in such applications' environment, i.e. air at low pressure. Some interest has also been shown in these materials for single use propulsion applications. [11] Major improvements in the manufacturing and characterization of ZrB2 materials and composites have been put forward in recent years, and now several important aspects of their properties and processing are well understood. [4] , [12] , [13] , [14] , [15] , [16] , [17] , [18] , [19] , [20] and [21] However, the study of high temperature properties has been mostly limited to oxidation behavior, an area which is also well understood. [8] , [21] , [22] , [23] , [24] , [25] , [26] , [27] and [28] Very few studies of high temperature mechanical properties exist. [7] , [11] and [29] In this work, we investigated the mechanical behavior of ZrB2-SiC composites, with and without added C and SCS-9a fibers. Samples were studied in compression at room temperature, 1400, and 1550 °C, in atmospheric air. The degradation of the mechanical properties as a result of atmospheric air exposure at high temperatures were also studied as a function of exposure time.
Experimental procedures
Samples of ZrB2-SiC composites were fabricated by uniaxial hot pressing by Materials and Machines, Inc., Tucson, AZ. ZrB2 and α-SiC powders were obtained from H. C. Starck and had nominal sizes of d50 = 3-5 μm and d50 = 1.4 μm, respectively. C powders were obtained from Asbury Graphite Mills. SiC fibers were obtained from Textron Specialty Materials (SCS-9a fibers). Two particulate composites were studied, one containing ZrB2 plus 20 vol.% SiC (ZS), and the other containing ZrB2 plus 14 vol.% SiC and 30 vol.% C (ZSC). The specimen densities obtained were 5.57 g/cm3 (99.9% of theoretical density) for ZS and 4.50 g/cm3 (99.0% of theoretical density) for ZSC. The composite panel was prepared by the filament winding and slurry deposition technique followed by hot pressing in a graphite die. The composite density obtained was 3.47 g/cm3, while the theoretical density is 4.60 g/cm3 for 35 vol.% fiber loading.
Compression tests were carried out on an electromechanical universal testing machine with a furnace attached to its frame, at constant cross-head displacement rate (strain rates of 2 × 10−5 s−1 and 2 × 10−4 s−1). Load was applied using alumina rods with SiC pads. Samples were cut into parallelepiped shape using a low speed diamond saw. Nominal sample dimensions were 3 mm × 3 mm × 5 mm, and the load was applied to the longest dimension. Some samples were finely polished (up to 0.5 μm) to further study the strength dependence with surface defects. Mechanical tests were conducted at room temperature, 1400, and 1550 °C. Several samples were exposed to oxidation by annealing at 1400 °C in atmospheric air in a tube furnace, and exposure times ranged from 6 to 48 h. The room temperature strength was measured after oxidation, to study the degradation of the mechanical properties after exposure to an oxidizing environment. At least three samples were studied at each temperature or exposure time at 1400 °C. Error bars throughout this paper represent one standard deviation.
Microstructural studies were carried out using SEM and EDS techniques, on both asfabricated and tested specimens. Samples were prepared for SEM observation using conventional metallographic techniques which involved cutting, grinding, and lapping. A conductive coating of either carbon or gold was applied to the specimens prior to microscopic observation. The ZS composite appears to be fully dense, while the ZSC suffered from significant grain pullout during sample preparation. This is attributed to the weak bonding of C to the ZrB2 and SiC phases, which results in removal of the C phase during polishing. In ZS, ZrB2 grains (gray phase) are equiaxed with reported grain size in the 6-12 μm range, while the SiC grains (dark phase) are elongated with sizes of approximately 1.5-3 μm thick by 3-11 μm wide/long. [7] In ZSC, the grain pullout during polishing made the estimation of grain size difficult, although it can be seen from Fig. 1 that ZrB2 grain size is smaller in ZSC than in ZS. It should be noted that, at least for the ZS composite, the grain size is close to the critical grain size for microcracking due to the anisotropic thermal expansion coefficient of ZrB2, which has been reported to be around 15 μm.30
The fiber composite microstructure is shown in Fig. 1C and D. Fibers were distributed in layers, and regularly spaced matrix cracking is produced due to residual thermal stresses that appear because of the differences in thermal expansion coefficients of the fibers and the matrix. A detailed view is presented in Fig. 2 , which also shows that significant amount of porosity is present in the matrix. Fig. 3 shows elemental maps of the ZSS composite obtained by EDS. It can be seen that the SCS-9a fibers contain a carbon core surrounded by SiC. From Fig. 1 and Fig. 3 it can be concluded that the fiber coating remained intact during the uniaxial pressing step of the fabrication route.
Room and high temperature strength
The compressive strength was measured at room temperature, 1400, and 1550 °C in atmospheric air for the ZS, ZSC, and ZSS composites. Fig. 4 shows representative room temperature stress-strain curves for the compositions, strain rates, and surface finishing studied. Note that due to the large differences measured in strength, the stress-strain curves are plotted in a semilogarithmic scale.
No strain rate dependence was observed for the room temperature strength in the strain rate range of 2 × 10−5 s−1 to 2 × 10−4 s−1, as can be seen in the stress-strain curves of ZS and ZSC materials (Fig. 4) . This is typical of defect-controlled strength situation in which defects act as stress concentrators nucleating cracks and failure. Average compression strength of 3.1 ± 0.2 GPa were measured for ZS versus the 0.88 ± 0.08 GPa strength obtained for the ZS unpolished samples. For ZSC the average compression strength of 560 ± 80 MPa was measured for the finely polished samples and average compression strength of 630 ± 50 MPa was obtained for the ZSC unpolished samples, implying that internal instead of external defects are responsible for fracture. It is clear that ZS materials have exceptionally high intrinsic strength, which is limited by fabrication or finishing defects. In the case of the ZSC material the carbon regions act as flaws for crack nucleation and the finish of the external surface is not a limiting factor in strength. Fig. 5A shows a general view of the fracture surface microstructure of a ZS sample that failed at 3.2 GPa. It is clear from the figure that the ZrB2 failure is transgranular, while SiC grains are pulled out at the fracture surface and therefore remain intact. In Fig. 5B a higher magnification detail of the fracture surface is presented, where presence of intergranular small cracks can be noticed. It is interesting to note that the stress-strain curves are not linear at high stresses (Fig. 4) , indicating that the microstructure is changing due to the generation of internal defects until they reach the critical size for failure.
Typical stress-strain curves of ZSS along directions parallel and perpendicular to the fibers are also shown in Fig. 4 . Measured strengths were 330 ± 150 and 240 ± 30 MPa for samples loaded parallel and perpendicular to the fibers, respectively. The compression strength is controlled by the penny-shaped cracks formed during the sintering step and therefore is higher when the fibers are parallel to the compression direction, as in that case the cracks are perpendicular to the applied load.
Representative high temperature stress-displacement curves are shown in Fig. 6 for materials tested at 1400, and 1550 °C. Fig. 7 summarizes the results obtained, and shows the average compressive strength as a function of temperature. Surface defects are seen to play an important role in limiting the compressive strength of ZS materials up to 1400 °C, while at 1550 °C the measured strength is similar for polished and unpolished samples, implying that oxidation effects are dominant at these temperatures. In general, the ZS composite shows higher compressive strength than the carbon containing ZSC. This is attributed to both the weak carbon bonding to the other phases, evidenced as grain pullout in the SEM observations, and the burnout of carbon at high temperature in air. This creates porosity and also produces channels through which air can enter, oxidizing the ZrB2 phase not only on the surface but also inside the sample.
Plastic deformation is clear in ZS and ZSC materials at 1400, and 1550 °C. The ZS materials can undergo substantially more strain than ZSC materials, because grains start loosing contact points earlier in ZSC due to the initial porosity associated to carbon burnout. Plastic deformation must be associated to grain boundary sliding, because of the high intrinsic strength and low diffusion coefficient of ZrB2. Grain boundary sliding is however difficult by the lack of intergranular phases and the presence of smaller SiC grains the boundaries and triple points.
The extensive cracking in ZSS causes very poor high temperature behavior. At high temperature, cracks cause extensive oxidation through the sample and elimination of the fibers' coating (Fig. 8) . The high temperature strength is therefore very low compared to ZS and ZSC composites.
Oxidation and strength degradation
The ZS and ZSC composites were selected for the study of strength degradation at high temperature. The degradation in the mechanical properties was studied as a function of exposure time to atmospheric air at 1400 °C. These results are summarized in Fig. 9 , where the room temperature strength of the materials is plotted as a function of exposure time. For ZS, a reduction of 33% in strength occurred between 16 and 24 h, while for ZSC less than 16 h were needed. This can be explained considering that C burns in the oxidizing atmosphere, creating pores and channels through which air can permeate.
The microstructure and thickness of the oxide layers formed after exposure to atmospheric air at 1400 °C was studied for both ZS and ZSC samples, which were cut and polished for observation in the SEM. Fig. 10(left) shows a micrograph and compositional maps for a ZS sample annealed for 1 h. The outer, Si and O rich layer can be concluded to be SiO2, while the intermediate layer, which is O rich and B poor, is ZrO2. Similar conclusions can be drawn from Fig. 12(right) , which represents compositional maps for a ZSC sample annealed for 24 h. Again, the outer layer is mainly composed of SiO2, and an intermediate layer of ZrO2 separates the former layer and the bulk interior of the sample.
These observations were confirmed by quantitative analysis, of which an example is presented. Fig. 11 is a cross section of a ZSC sample annealed for 24 h at 1400 °C in air, and contains several of the features previously observed. The microstructure of the oxide layer can be divided into four different zones or regions. The first, outer one is composed of ZrO2 grains embedded in a glassy SiO2 matrix, as can be deduced from the elemental composition. The zone labeled as number 2 is composed only of SiO2, while the zone labeled as 3 is composed almost exclusively of ZrO2 and contains no Si.
The fourth zone corresponds to the composition of the bulk, as-fabricated material. For ease of comparison, raw spectra obtained from all four different zones are depicted.
These observations confirm the oxidation process already outlined in previous references, such as Refs. [7] , [8] , [25] , [26] and [28] . Both ZrB2 and SiC are oxidized, producing B2O3 that evaporates at high temperatures. The SiO2 formed, which is liquid at the studied conditions, is expelled towards the surface of the sample by capillary forces, and acts as a protective layer. The intermediate layer is thus composed mostly of ZrO2 and pores that allow for oxygen permeation. It is thus expected that the ZSC samples, containing carbon that burns out at high temperature, will oxidize at a faster rate because of the porosity produced during carbon combustion.
To ascertain this effect, the thickness of both the SiO2 and ZrO2 oxide layers were measured as a function of annealing time, for both ZS and ZSC samples. These results are presented in Fig. 12 . ZS material shows an increase of the oxide layer as , typical of diffusion controlled process. This is expected as oxygen diffusion trough the SiO2 layer, in either molecular or atomic form, is necessary to further increase the oxide layer thickness.
In the ZSC material the carbon readily burns out, creating channels and a rapid formation of a thick SiO2 layer. Once the initial SiO2 layer (with thickness of approximately 50 μm) is formed, the process is controlled by oxygen diffusion and the thickness increase of the reaction layer can be fit as , typical of diffusion process in which an initial condition exists. The good fit to the experimental data shown in Fig. 12 supports the hypothesis of a diffusion controlled oxidation process.
Conclusions
The ZrB2-SiC composition shows the best performance of the three materials studied, both in terms of strength and oxidation resistance. This material presents an exceptional room temperature compressive strength of 3.1 ± 0.2 GPa and a high temperature strength of 0.9 ± 0.1 GPa at 1400 °C, and can withstand exposures up to 24 h in air at 1400 °C before its compressive strength falls significantly when compared to the as-fabricated material.
It has been shown that the addition of C to a ZrB2-SiC composite is detrimental to the high temperature mechanical properties, since the degradation in strength and oxidation resistance observed counters any possible improvement to the thermal shock resistance. The ZrB2-SiC-C composition is probably not suitable for application in air if no protective coating is applied. The oxidation process has been shown to be diffusion controlled and the application of a diffusional barrier is probably needed.
As-fabricated SCS-9a SiC fiber reinforced ZrB2 presents significant matrix microcracking due to residual thermal stresses, and therefore shows poor mechanical properties and oxidation resistance. 
